Introduction {#S0001}
============

Diabetes mellitus is now assuming epidemic proportions throughout the world, and is predicted to affect about 300 million people by 2025. As a result of this epidemic, complications of long-standing diabetes are bound to increase. Diabetic macular edema (DME) and diabetic retinopathy (DR) constitute important complications of diabetes mellitus that represent a significant cause of visual loss that affects quality of life. Both DME and DR are preventable provided hyperglycemia is tightly controlled to near normal, a difficult task.

Diabetic macular edema, diabetic retinopathy and age-related macular degeneration {#S0002}
=================================================================================

Macular edema occurs when fluid and protein deposits collect on or under the macula of the eye, producing edema that may distort central vision. As a result, it affects not only central vision but also the form and color in the direction of gaze.

Macular edema is the final common pathway of many intraocular and systemic insults. Although macular edema may be associated with protean underlying conditions, it is commonly seen following intraocular surgery, venous occlusive disease, DR, and posterior segment inflammatory disease. Diagnosis of macular edema is made by performing fluorescein angiography and optical coherence tomography. A variety of approaches to the treatment of macular edema have been attempted, with a variable degree of success. These options include topical and systemic steroids, topical and oral non-steroidal anti-inflammatory agents, laser photocoagulation treatment, immunomodulators, intravitreal injection of triamcinolone, and pars plana vitrectomy \[[@CIT0001]\].

It may be noted here that DME, DR and neovascular age-related macular degeneration (AMD) are frequent retinal degenerative diseases, and are responsible for the majority of cases of blindness due to retinal disease. These conditions predominantly affect the central macula, and are associated with the presence of retinal edema and an aggressive inflammatory repair process that accelerates disease progression. The associated retinal edema and the inflammatory repair process are directly involved in the breakdown of the blood-retinal barrier (BRB). Yet, the underlying alterations to the BRB caused by these diseases are likely to be very different. Though coexistence of DR and AMD is relatively uncommon, it is believed that the inflammatory repair responses associated with DR and neovascular AMD may be cumulative and, in patients affected by both, could result in chronic diffuse cystoid edema \[[@CIT0002]\].

The key pathophysiological processes in DME, DR and AMD appear to be breakdown of the blood-retinal barrier, which allows fluid to accumulate in the retinal tissue via special water fluxes, inflammatory processes and an increase in vascular permeability. Furthermore, ischemic conditions prevail in these conditions, in which there seems to be a key role for various cytokines, angiotensin II, prostaglandins (PGs), vascular endothelial growth factor (VEGF) and deficiency of anti-inflammatory bioactive lipids derived from polyunsaturated fatty acids (PUFAs) \[[@CIT0003]--[@CIT0007]\].

Though the exact mechanism(s) that initiate and render DME, DR and AMD progressive are not clear, there is evidence to suggest that oxidative stress \[[@CIT0008], [@CIT0009]\], retinal vascular endothelial dysfunction \[[@CIT0010]\] and consequent increased vascular permeability \[[@CIT0011]\], enhanced expression of adhesion molecules \[[@CIT0012], [@CIT0013]\] and increased production and action of pro-inflammatory cytokines play a significant role \[[@CIT0014]--[@CIT0018]\], suggesting that low-grade inflammation has a dominant role in these conditions. Since the retina is rich in *n*-3 PUFAs and their metabolites lipoxins, resolvins, protectins and maresins have anti-inflammatory actions, it is likely that these molecules may have a role in DME, DR and AMD. In this context, it is important to briefly review the metabolism of essential fatty acids as relevant to their role in DME, DR and AMD.

Metabolism of essential fatty acids {#S0003}
===================================

The essential fatty acids (EFAs) *n*-3 α-linolenic acid (ALA) and *n*-6 linoleic acid (LA) are widely distributed in our diet, and fatty acids are metabolized by the same set of enzymes, Δ^6^ and Δ^5^ desaturases and elongases, into their long-chain metabolites, namely: ALA to eicosapentaenoic and docosahexaenoic acids (EPA and DHA respectively) and LA to arachidonic acid (AA) (see [Figure 1](#F0001){ref-type="fig"}) \[[@CIT0019]--[@CIT0021]\]. All cell membranes incorporate both EFAs and their long-chain metabolites AA, EPA and DHA mainly into their phospholipid (PL) fraction. Various stimuli such as growth factors including epidermal growth factor (EGF) and VEGF, various cytokines and free radicals have the ability to activate phospholipase A~2~ (PLA~2~), which is a membrane bound enzyme that induces the release of AA, EPA and DHA to form their respective products. AA, EPA and DHA are metabolized by cyclo-oxygenases (COXs), lipoxygenases (LOXs), and cytochrome P450 (Cyp450) enzymes, which results in the formation of several products (see [Figure 2](#F0002){ref-type="fig"}). AA forms a precursor to pro-inflammatory PGs and thromboxanes (TXs) of 2 series and leukotrienes (LTs) of 4 series (though not all prostaglandins formed are pro-inflammatory; for instance, prostacyclin from AA and PGE~1~ from dihomo-gamma-linolenic acid (DGLA) have anti-inflammatory actions), whereas EPA forms a precursor to 3 series PGs, TXs and 5 series LTs. It is noteworthy that AA can also give rise to lipoxins, which are potent anti-inflammatory molecules. Similarly, EPA gives rise to resolvins and DHA to protectins, which possess significant anti-inflammatory and wound healing properties and show cytoprotective actions. Thus, AA, EPA and DHA, under some well-defined conditions, form specific anti-inflammatory lipoxins, resolvins and protectins, respectively, that protect various cells and tissues against insults and augment recovery of the target tissues and organs to normal and reestablish homeostasis (see [Figure 3](#F0003){ref-type="fig"}). Since the retina and brain are rich in AA, DHA and EPA (DHA \> AA \> EPA), it is reasonable to assume that adequate amounts of lipoxins, resolvins and protectins are formed under normal physiological conditions to protect the retina and other neuronal cells from various insults and diseases \[[@CIT0019]--[@CIT0021]\]. This evidence indicates that PUFAs are not only biologically active by themselves but are also capable of giving rise to several biologically active metabolites that play an important role in physiological and pathological processes.

![Scheme showing metabolism of essential fatty acids and their role in inflammation, DME, DR and AMD](AMS-12-28228-g001){#F0001}

![Metabolism of AA. Prostaglandin H synthase (PGHSs) metabolize AA to prostaglandins, thromboxanes and prostacyclin. LOXs metabolize AA to leukotrienes, hydroxyeicosatetraenoic acids (HETEs) and lipoxins. The P450 monooxygenases metabolize AA to midchain HETEs, ω-3 terminal HETEs and the epoxyeicosatrienoic acids (EETs). EETs have anti-inflammatory actions and so are likely to play a role in AMD, DME and DR. Even EPA may form compounds similar to those that are formed from AA as shown here](AMS-12-28228-g002){#F0002}

![Scheme showing the formation of LXA~4~ from AA, resolvin E1 (RvE1) from EPA and protectin D1 (PD1), resolvin D1 (RvD1) and maresin (MaR1) from DHA](AMS-12-28228-g003){#F0003}

Diabetic macular edema, diabetic retinopathy and age-related macular degeneration are inflammatory conditions {#S0004}
=============================================================================================================

Several lines of evidence indicate that DME, DR and AMD are low-grade inflammatory conditions. It is noteworthy that unlike the classical inflammatory signs such as pain (*dolor*), heat (*calor*), redness (*rubor*), swelling (*tumor*), and loss of function (*functiolaesa*), the inflammatory signs in DME, DR and AMD are at a microscopic level. For instance, these microscopic features of inflammation seen in DME, DR and AMD include: change in the retinal vascular diameter in the form of vessel dilatation, an alteration in blood flow in these vessels, exudation of plasma proteins, and leucocyte adhesion, accumulation and migration \[[@CIT0022]--[@CIT0027]\]. These local microscopic signs of inflammation in these conditions are characterized by increased production of tumor necrosis factor-α (TNF-α), VEGF, PGs, enhanced expression of intercellular adhesion molecule-1 (ICAM-1) on the vasculature, β2 integrins on the leucocytes, vascular cell adhesion molecule-1 (VCAM-1) and VLA-4 and oxidative stress \[[@CIT0014]--[@CIT0018], [@CIT0022]--[@CIT0037]\]. These pro-inflammatory events enhance adherence of leukocytes and macrophages, and accumulation within the vasculature of the retina occurs \[[@CIT0038]--[@CIT0042]\], which precedes the occurrence of DME, DR and AMD. Leukocyte and macrophage adherence and migration can induce vascular dysfunction as a result of increased production of reactive oxygen species (ROS) and lipid peroxidation, which results in a subtle breakdown of the blood-retinal barrier, premature endothelial cell injury and death, and capillary ischemia/reperfusion \[[@CIT0043]\]. Diabetic rats treated with ICAM-1 or β2 integrin neutralizing antibodies showed decreased leucocyte adhesion \[[@CIT0031], [@CIT0038]\], the disrupted blood-retinal barrier returned to normal \[[@CIT0022], [@CIT0038]\], and endothelial cell injury and death were abrogated \[[@CIT0022], [@CIT0043]\]. In addition, mice deficient in the ICAM-1 or β2 integrin gene CD18 when made diabetic showed near normal retinal vasculature \[[@CIT0022], [@CIT0044]\]. In this context, it is interesting to note that patients with rheumatoid arthritis who are on high doses of aspirin showed less severe DR \[[@CIT0045]\]; and aspirin prevented histopathological features of DR \[[@CIT0046]\], implying that non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit inflammation by blocking/suppressing the production of pro-inflammatory PGs are of benefit in DR and, possibly, in AMD and DME. This evidence \[[@CIT0045], [@CIT0046]\] is in support of the role of pro-inflammatory eicosanoids in DME, DR and AMD \[[@CIT0047]--[@CIT0051]\]. In this context, it should be noted that in patients with DR, reduced plasma and vitreal concentrations of PGE~1~ and PGI~2~ were reported \[[@CIT0052]--[@CIT0055]\], while those of TXs and LTs were increased \[[@CIT0050], [@CIT0054]--[@CIT0056]\]. These results suggest that in DME, DR and AMD there is an imbalance between vasodilator and platelet anti-aggregator PGE~1~ and PGI~2~ and platelet aggregator and vasoconstrictor TXA~2~ and LTs, leading to ischemic vasoconstriction of retinal vessels and enhanced platelet aggregation. Even the concentrations of PGE~2~, a vasodilator eicosanoid, have been shown to be decreased in DR \[[@CIT0053]\], indicating that vasodilator actions of various PGs are more important in the pathobiology of DME, DR and AMD than their platelet anti-aggregator actions. This implies that hypoxia has a more dominant role in these diseases. Aspirin and other NSAIDs are known to suppress the synthesis of TXA~2~ and LTs and either enhance or do not interfere with PGI~2~ synthesis and thus alter the ratio between PGI~2~ and TXA~2~ more in favor of PGI~2~, which is expected to nullify the vasoconstrictor actions of TXA~2~ and leukotrienes, which is of benefit in DME, DR and AMD.

It is noteworthy that aspirin selectively enhances PGI~2~ synthesis and NO and heme oxygenase-1 activity (which leads to enhanced generation of carbon monoxide, CO) and decreases levels of plasma asymmetrical dimethylarginine (ADMA), a competitive inhibitor of NO \[[@CIT0057]--[@CIT0061]\]. These changes in PGI~2~, NO and CO and ADMA levels may account for some of the beneficial actions of aspirin in DME, DR and AMD. In addition, aspirin augments the production of lipoxin A~4~ (LXA~4~), a potent anti-inflammatory, platelet anti-aggregator and vasodilator \[[@CIT0062]--[@CIT0064]\] that could also be responsible for its beneficial effect in these ocular conditions. Furthermore, NO synthase and COX-2 enzymes act together to enhance production of PGE~2~, which may contribute to retinal cell death in diabetes and development of DR, and aspirin, at least in part, inhibits retinopathy by inhibiting this NO/COX-2 axis (by reducing PGE~2~ production) \[[@CIT0065]\]. LXA~4~ is a potent inducer of NO generation \[[@CIT0066]--[@CIT0068]\] that, in turn, quenches superoxide anion and thus suppresses PGE~2~ production and bring about its cytoprotective action on retinal cells. In addition, LXA4 is also a suppressor of free radical generation \[[@CIT0069]--[@CIT0071]\].

In this context, it is relevant to note that anti-inflammatory interleukin-10 (IL-10) induces expression of heme oxygenase-1 (HO-1), a stress-inducible protein with a potential anti-inflammatory effect, via a p38 mitogen-activated protein kinase-dependent pathway. Inhibition of HO-1 protein synthesis or activity reversed the inhibitory effect of IL-10 on production of TNF-α induced by lipopolysaccharide (LPS). CO, one of the products of HO-1-mediated heme degradation, was found to be involved in the anti-inflammatory effect of IL-10 both *in vitro* and *in vivo* \[[@CIT0072], [@CIT0073]\]. LXA~4~ also has actions similar to IL-10 to enhance the production of CO \[[@CIT0074]--[@CIT0076]\].

LXA~4~, an endogenous 12/15-LOX product, inhibited inflammation and significantly increased re-epithelialization in corneal wounds. 12/15-LOX^(--/--)^ mice showed impaired induction and topical LXA~4~ restored HO-1 expression in 12/15-LOX^(--/--)^ mice and amplified HO-1 gene expression in human corneal epithelial cells. Similarly, HO-2^(--/--)^ mice, which fail to induce HO-1, also demonstrated exacerbated inflammation in response to injury, which correlated with a significant reduction in endogenous LXA~4~ formation. These results suggest that LXA~4~, 12/15-LOX and HO systems function in concert with each other to control inflammation and regulate each other\'s formation and action \[[@CIT0077]\].

Anti-inflammatory cytokines IL-4 and IL-10 significantly up-regulated 12/15-LOX mRNA expression, which triggers the conversion of AA, EPA and DHA to lipoxins, resolvins, protectins and maresins, suggesting a mechanism by which they suppress inflammation \[[@CIT0078], [@CIT0079]\]. Furthermore, there is evidence to support the contention that excess production of PGE~2~ and LTs could trigger the production of LXA~4~, suggesting that triggering of anti-inflammatory events occurs once the pro-inflammatory molecules reach a peak. Studies showed that enhanced production of PGE~2~ and LTs upon whole-body exposure to gamma-radiation, cobalt-60, and cyclotron neutrons stimulated LXA~4~ production at the expense of the pro-inflammatory AA-derived LTB~4~, since it was noted that the anti-inflammatory metabolite 15-HETE (the precursor of LXs) shows peaking at 72 h following exposure to radiation/UVB coinciding with the gradual decrease in PGE~2~ and LTs formation, such that there is a smooth shift in the synthesis of eicosanoids from pro-inflammatory PGE~2~ and LTs to 15-HETE and LXs in order to initiate resolution of radiation-induced damage \[[@CIT0080]--[@CIT0082]\]. Thus, the initial enhanced synthesis of pro-inflammatory PGE~2~ and LTs seems to be essential to trigger subsequent formation of anti-inflammatory LXA~4~. It is noteworthy that PGE~2~ enhances the production of IL-10, an anti-inflammatory cytokine \[[@CIT0083]\], while IL-6 release is enhanced by PGE~2~ in the presence of anti-IL-10, whereas both IL-10 and PGE~2~ inhibited LPS-stimulated IL-6 and TNF-α and selective inhibition of COX-2 or addition of anti-IL-10 reversed these effects \[[@CIT0084]\]. Exogenous IL-10 suppressed COX-2 production \[[@CIT0085]\]. These results suggest that PGE~2~ induces the production of IL-10, which, in turn, downregulates IL-6, TNF-α, and COX-2 activity in order to restore homeostasis \[[@CIT0082]--[@CIT0085]\].

This complex network of positive and negative feedback regulatory events among PGs, LTs, cytokines, NO, CO and LXA~4~ and cytokines that participate in the pathogenesis of DME, DR and AMD implies that pro-inflammatory stimuli-induced generation of PGE~2~, TXA~2~, LTs and IL-6 and TNF-α and decreased production of NO, CO and LXA~4~ not only initiate inflammation but also have the ability to trigger generation of anti-inflammatory molecules such as IL-4, IL-10, LXA~4~, NO and CO at an appropriate time of the inflammatory process in order to restore homeostasis ([Figure 4](#F0004){ref-type="fig"}). If this well-conceived, well-designed and orderly natural positive and negative regulatory system failed, it would lead to perpetuation of low-grade inflammation seen in DME, DR and AMD. Thus, methods designed to augment NO, CO and LXA~4~ generation are expected to restore homeostasis and prevent, reverse and arrest the progression and/or even ameliorate DME, DR and AMD.

![Scheme showing positive and negative feedback regulation between pro- and anti-inflammatory molecules](AMS-12-28228-g004){#F0004}

Vascular endothelial growth factor in diabetic macular edema, diabetic retinopathy and age-related macular degeneration {#S0005}
=======================================================================================================================

VEGF is induced by hypoxia and it has been implicated in the development of iris and retinal neovascularization (NV) in ischemic retinopathies \[[@CIT0086], [@CIT0087]\]. VEGF is known to be a potent mediator of vascular permeability and pro-inflammatory molecule \[[@CIT0088], [@CIT0089]\]. Increased VEGF immunoreactivity in ganglion cells of rats with oxygen-induced ischemic retinopathy and in ganglion cells, the inner plexiform layer, and some cells in the inner nuclear layer of rats with experimental autoimmune uveoretinitis (EAU) has been reported. VEGF staining was also increased in the retina and iris of patients with ischemic retinopathies including DR and retinal vascular occlusive disease, wherein VEGF was primarily localized within retinal neurons and retinal pigmented epithelial cells \[[@CIT0086], [@CIT0090]\]. It was reported that VEGF contributes to BRB breakdown and blockage of VEGF signaling reduced macular edema \[[@CIT0090], [@CIT0091]\]. VEGF is a potent endothelial-specific mitogen, and a direct correlation between vitreal VEGF levels and severity of macular edema and retinopathy \[[@CIT0090], [@CIT0091]\] has been reported. Hyperglycemia is a potent stimulator of VEGF secretion \[[@CIT0092], [@CIT0093]\]. VEGF inhibits the apoptosis of endothelial cells \[[@CIT0094], [@CIT0095]\], which leads to the generation of immature vascular structures that are fragile and hence bleed easily, which favors retinal detachment and consequent blindness. The fact that anti-VEGF therapies arrest or slow the progress of DR \[[@CIT0096], [@CIT0097]\], though they are not always effective, is in support of an important role of VEGF in DME and DR.

It is evident from the preceding discussion that strategies developed to prevent an increase in the production of TNF-α, ICAM-1, VCAM and VEGF and prevent leukocyte activation could be of benefit in preventing or arresting the progression of DME, DR and AMD. In this context, the role of PUFAs and their anti-inflammatory metabolites needs particular attention.

Polyunsaturated fatty acids and their products lipoxins, resolvins and protectins in diabetic macular edema, diabetic retinopathy and age-related macular degeneration {#S0006}
======================================================================================================================================================================

It is known that PUFAs and their anti-inflammatory products lipoxins, resolvins, protectins and maresins inhibit the production of IL-6 and TNF-α and suppress the expression of ICAM-1 and VCAM and induce resolution of the inflammatory process \[[@CIT0098]--[@CIT0105]\]. This implies that presence of appropriate amounts of PUFAs (including AA) and formation of their anti-inflammatory products lipoxins, resolvins, protectins and maresins serve as negative feedback inhibitors of pro-inflammatory IL-6, IL-2 and TNF-α formation and action and thus suppress inflammatory events and restore homeostasis. In addition, PUFAs and lipoxins, resolvins, protectins and maresins suppress whereas pro-inflammatory prostaglandins (especially PGE~2~ and PGE~1~) enhance VEGF production \[[@CIT0106]--[@CIT0114]\]. It was reported that epoxy metabolites of DHA formed due to the action of cytochrome P450 activity inhibit VEGF- and fibroblast growth factor 2-induced angiogenesis *in vivo*, and suppress endothelial cell migration and protease production *in vitro* via a VEGF receptor 2-dependent mechanism \[[@CIT0114]\]. It is likely that similar epoxy metabolites formed from AA and EPA may also inhibit VEGF production and action. These results suggest that several metabolites of AA, EPA and DHA that have both pro- and anti-inflammatory actions can either enhance or suppress the production and action of VEGF. This indicates that maintaining a delicate balance between these pro- and anti-inflammatory products of AA, EPA and DHA and their action on VEGF, and pro- and anti-inflammatory cytokines ultimately determines either continuation or persistence of inflammation and suppression of inflammation and restoration of homeostasis (see [Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}). These results imply that it is not just the presence of adequate concentrations of AA, EPA and DHA that is essential to suppress inflammation and restore normalcy but it is essential for the formation of appropriate amounts of their anti-inflammatory lipoxins, resolvins, protectins, maresins and epoxy metabolites to trigger the anti-inflammatory process and resolve inflammation. In view of this, activities of Δ^6^ and Δ^5^ desaturases (which are essential to metabolize essential fatty acids LA and ALA to their respective long-chain products: AA and EPA and DHA, respectively), COX-2 and 5-, 12- and 15-lipoxygenases (which are needed for the formation of lipoxins, resolvins, protectins and maresins) and cytochrome P450 activity (to form relevant epoxy metabolites) (see [Figures 1](#F0001){ref-type="fig"}--[3](#F0003){ref-type="fig"}), several co-factors needed for the activities of these enzymes and their genetic polymorphisms may play a significant role in the pathobiology of DME, DR and AMD by influencing the formation of AA, EPA and DHA, lipoxins, resolvins, protectins, maresins and epoxy metabolites of AA, EPA and DHA.

![Scheme showing possible sequence of events that lead to the development of DME, DR and AMD. Hyperglycemia causes activation of leukocytes, macrophages and lymphocytes, resulting in increased production of reactive oxygen species (ROS) and pro-inflammatory IL-6, TNF-α, macrophage migration inhibitory factor (MIF) and other cytokines. These cytokines also enhance ROS production and enhance the production and release of pro-inflammatory eicosanoids ((prostaglandins (PGs), leukotrienes (LTs) and thromboxanes (TXs)) by activating cell membrane bound phospholipase A~2~ (PLA~2~) that induces the release of polyunsaturated fatty acids: arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are precursors of PGs, LTs and TXs. IL-6, TNF-α, MIF, PGs, LTs and TXs enhance the expression of adhesion molecules, which leads to adhesion of leukocytes to endothelial cells, resulting in endothelial dysfunction due to the action of ROS released by adherent leukocytes on endothelial cells. Eicosanoids, cytokines, ROS and endothelial dysfunction can cause breakdown of the blood-retinal barrier, resulting in increased vascular permeability and fluid accumulation in the retinal tissue via special water fluxes. This leads to retinal ischemia and increased production of VEGF and pathological angiogenesis, events that result in the initiation and progression of retinal edema, macular degeneration and DR. Increased production of IL-6, TNF-α, MIF, and eicosanoids also induces enhanced production of VEGF and iNOS, which have pro-inflammatory actions and so are capable of producing endothelial dysfunction, retinal ischemia and pathological angiogenesis. Leukocytes are activated, and when diabetes is associated with hypertension there could be enhanced production of angiotensin-II, which has pro-inflammatory actions. Angiotensin-II is capable of enhancing ROS generation by leukocytes and stimulates increased production of IL-6, TNF-α and MIF and pro-inflammatory eicosanoids. Under normal physiological conditions, AA, EPA and DHA can also give rise to the formation of anti-inflammatory lipoxins (LXs), resolvins (RVs), protectins (PRs) and maresins (MaRs), which suppress leukocyte activation, ROS generation, PGs, LTs and TXs, formation of angiotensin-II, VEGF production and activation of iNOS. These events would ultimately result in suppression of inflammation and preservation of the blood retinal barrier and prevention of retinal ischemia and thus amelioration of DME, DR and AMD. Lipoxins, resolvins and protectins enhance the production of CO, a vasodilator and anti-inflammatory gas that also has cytoprotective properties. CO can suppress the production of ROS. PEDF produced by retinal pigment epithelial cells has anti-inflammatory, cytoprotective and anti-oxidant properties and is capable of protecting retinal cells and thus preventing DME, AMD and DR. Hyperglycemia suppresses the production of PEDF and thus may initiate the onset of DME, DR and AMD. It is not yet known whether PEDF can enhance the formation of lipoxins, resolvins and protectins and vice versa, though this is a distinct possibility. PEDF suppresses the formation of ROS, IL-6, TNF-α and MIF and expression of adhesion molecules and preserves the blood retinal barrier. BDNF is another neurotrophic factor that preserves retinal cell integrity, enhances formation of lipoxins, resolvins, protectins and maresins and prevents DME, DR and AMD. For details see the text](AMS-12-28228-g005){#F0005}

The involvement of PUFAs and their metabolites in DME, DR and AMD is further supported by the observation that in mice, hyperoxia-induced premature retinopathy can be inhibited by EPA and DHA \[[@CIT0115]\]. This and other studies showed that suppression of VEGF production and neoangiogenesis and retinopathy could be correlated with increased formation of resolvins from EPA and DHA in the prevention and/or arrest of DR and similar conditions \[[@CIT0115]--[@CIT0118]\]. Previously, we found that both LA and AA inhibited high-glucose-induced retinal vascular endothelial damage \[[@CIT0119]\]. ALA, the precursor of EPA and DHA, suppressed high-glucose-induced VEGF secretion in streptozotocin-induced diabetic animals \[[@CIT0120]\]. Thus, it appears that the *n-3* PUFAs ALA, EPA and DHA are capable of suppressing pathological VEGF secretion \[[@CIT0115]--[@CIT0120]\]. On the other hand, AA suppresses VEGF production in an indirect fashion. For instance, selective COX-2 inhibition was reported to downregulate VEGF and thus decrease angiogenesis \[[@CIT0121]\]. This is supported by the observation that persistent induction of COX-2 expression and resultant elevation in PGE~2~ synthesis enhanced VEGF expression and angiogenesis \[[@CIT0107], [@CIT0122]\]. Furthermore, the enzyme 15-LOX-2 (15-lipoxygenase-2) utilizes AA to synthesize 15(S)-hydroxyeicosatetraenoic acid (15-HETE), which, in turn, suppresses VEGF expression \[[@CIT0123]\]. Thus, COX-2 enhances whereas 15-LOX-2 suppresses VEGF expression, implying a role for PGE~2~, a pro-inflammatory molecule, and lipoxins and protectins, anti-inflammatory bioactive lipids (whose synthesis requires the 15-LOX enzyme) (see [Figure 3](#F0003){ref-type="fig"}). Thus, PGE~2~ on one hand and lipoxins and protectins on the other have opposite actions on the expression of VEGF. This is understandable since PGE~2~ is a pro-inflammatory molecule, whereas LXA~4~ is an anti-inflammatory substance and inflammation is known to induce angiogenesis while suppression of inflammation is accompanied by regression of angiogenesis. In addition, VEGF has pro-inflammatory actions \[[@CIT0088], [@CIT0089]\]. Thus, a close relationship exists among COX-2, 15-LOX-2, cytochrome P450 enzymes, PGE~2~, lipoxins, resolvins, protectins and maresins levels, inflammation and VEGF expression. Since DME, DR and AMD are inflammatory diseases, it is likely that in these conditions there is increased expression of COX-2 and enhanced levels of PGE~2~ and leukotrienes in the plasma and vitreal fluid \[[@CIT0049], [@CIT0050], [@CIT0055], [@CIT0056], [@CIT0124]\]. Since LXA~4~ is a potent suppressor of inflammation and PGE~2~ synthesis \[[@CIT0007], [@CIT0019], [@CIT0020], [@CIT0125]--[@CIT0127]\], it is reasonable to propose that its levels are likely to be low in DME, DR and AMD.

It is interesting to note that PUFAs, especially LXA~4~ and AA, augmented the production of BDNF (brain-derived neurotrophic factor), a neurotrophic factor that is needed for the survival of retinal neuronal cells \[[@CIT0128], [@CIT0129]\] (Das UN, unpublished data). In addition, BDNF binds to LXA~4~ and AA and other PUFAs rather avidly and thus bring about some of its beneficial actions \[[@CIT0130]\]. This interaction between BDNF and PUFAs could be yet another mechanism by which PUFAs and LXA~4~ protect retinal neuronal cells from undergoing degeneration due to DME, DR and AMD ([Figure 5](#F0005){ref-type="fig"}).

Implications of the current knowledge and future perspectives {#S0007}
=============================================================

There is evidence to suggest that DME, DR and AMD are low-grade inflammatory conditions since enhanced levels of IL-6, TNF-α, and VEGF in the plasma and vitreal fluid, increased expression of ICAM-1 and VCAM and leukostasis and enhanced generation of ROS by infiltrating leukocytes and decreased anti-oxidants have been reported in them. The role of inflammation in DME, DR and AMD is rather interesting in the light of the observation that obesity, hypertension, hyperlipidemias, and insulin resistance, which are closely associated with these conditions (especially DR), are also low-grade systemic inflammatory conditions \[[@CIT0131]--[@CIT0139]\]. It is likely that inflammatory changes seen in DME, DR and AMD are confined to the local tissue, whereas in hypertension, type 2 diabetes mellitus and metabolic syndrome they are more systemic in nature. This may mean that retinal changes similar to those seen in DME, DR and AMD may also occur in other inflammatory conditions such as rheumatoid arthritis, lupus, and scleroderma \[[@CIT0140]\]. Since alterations in essential fatty acid metabolism and eicosanoids are also known to occur in these rheumatological conditions \[[@CIT0139], [@CIT0141]--[@CIT0146]\], it may explain the coexistence of retinal changes similar to those seen in DME, DR and AMD.

There are several options available to manage DME, DR and AMD, including topical and systemic steroids, topical and oral non-steroidal anti-inflammatory agents, laser photocoagulation treatment, immunomodulators, intravitreal injection of triamcinolone, and pars plana vitrectomy (reviewed in \[[@CIT0147]--[@CIT0150]\]). Despite these treatment options, DME, DR and AMD tend to progress and cause considerable vision loss and morbidity and affect quality of life. In view of this, development of newer therapeutic strategies is certainly welcome.

Though anti-VEGF therapies are reasonably beneficial in DME, DR and AMD \[[@CIT0148]--[@CIT0150]\], many patients show an inadequate response. The retina is rich in n-3 PUFAs, suggesting that these fatty acids and their products may have a significant role in the structural and functional integrity of the retina. It is likely that alterations in the levels and metabolism of PUFAs could trigger the initiation and progression of DME, DR and AMD and the associated angiogenic process. We and others observed a decrease in the plasma levels of AA, EPA and DHA in both type 1 and type 2 diabetes mellitus \[[@CIT0151]--[@CIT0153]\]. Our own studies and those of others \[[@CIT0154]--[@CIT0159]\] showed that PUFAs and various prostaglandins modulate the occurrence of both type 1 and type 2 diabetes mellitus, indicating a close relationship among PUFAs and their products and diabetes mellitus, implying that these lipid molecules may have a role in DR.

IL-6, TNF-α, VEGF and other growth factors activate phospholipase A2, leading to the release of PUFAs from the cell membrane lipid pool \[[@CIT0160]--[@CIT0163]\]. The released PUFAs, especially *n*-3 PUFAs, suppress the production of IL-6, TNF-α and VEGF and inhibit activation of leukocytes \[[@CIT0019]--[@CIT0021], [@CIT0098], [@CIT0136], [@CIT0139], [@CIT0164]\]. This suggests that one purpose of activation of PLA2 and subsequent release of PUFAs is to suppress inappropriate production of IL-6, TNF-α, VEGF, adhesion molecules and free radicals. Thus, PUFAs and their metabolites exert negative feed-back regulation on pro-inflammatory molecules. Since DME, DR and AMD are pro-inflammatory conditions, it is suggested that PUFAs and their products have a role in DME, DR and AMD. The fact that PUFAs and their anti-inflammatory products lipoxins, resolvins, protectins and maresins suppress IL-6, TNF-α, VEGF and ROS production lends support to this suggestion \[[@CIT0019]--[@CIT0021], [@CIT0069]--[@CIT0071], [@CIT0098], [@CIT0103]--[@CIT0107], [@CIT0136], [@CIT0139]\]. Based on this evidence, in-depth studies are needed to delineate the role of PUFAs and their metabolites in DME, DR and AMD and exploit the knowledge gained to develop suitable therapeutic strategies. It is noteworthy that AA, EPA and DHA are also metabolized by cytochrome P450 enzymes to form various respective epoxyeicosatrienoic acids (EETs) that have potent anti-inflammatory actions \[[@CIT0164], [@CIT0165]\] (see [Figure 2](#F0002){ref-type="fig"}). The possible role of these EETs and hydroxyeicosatetraenoic acids (HETEs) in DME, DR and AMD also needs to be evaluated.

Further support for the role of PUFAs and their metabolites in DR, AMD and DME is derived from a recent study wherein it was noted that low serum adiponectin concentrations positively correlate with retinopathy of prematurity (ROP), which mimics DR in several aspects, and serum adiponectin concentrations positively correlated with serum ω-3 PUFA concentrations. In addition, in mouse with oxygen-induced retinopathy, serum total adiponectin concentrations were increased by ω-3 PUFA feed. Dietary ω-3 PUFA suppression of neovascularization was reduced from 70% to 10% with adiponectin deficiency. APN receptors could be localized in the retina, particularly in pathologic neovessels. These findings indicate that increasing adiponectin by ω-3 PUFA supplementation to preterm infants may suppress ROP \[[@CIT0166]\]. These results are interesting since adiponectin receptor 1 (AdipoR1) ablation resulted in DHA reduction in retinal pigment epithelium (RPE). AdipoR1^(--/--)^ mice showed decreased photoreceptor-specific phosphatidylcholine containing PUFAs and severely attenuated electroretinograms. RPE-rich eyecup cultures from AdipoR1^(--/--)^ revealed impaired DHA uptake, while AdipoR1 overexpression in RPE cells enhanced their DHA uptake. These results suggest that AdipoR1 as a regulatory switch of DHA uptake, retention, conservation and elongation in photoreceptors and RPE, thus preserving photoreceptor cell integrity \[[@CIT0167]\]. Since DHA forms a precursor to resolvins, protectins and maresins, this implies that deficiency of AdipoR1 could lead to reduced formation of these anti-inflammatory bioactive lipids. These results \[[@CIT0167]\], coupled with the observation that adiponectin has a role in ROP \[[@CIT0166]\], indicate that adiponectin deficiency seen in type 2 diabetes mellitus \[[@CIT0168]\] may have a role in DME and DR. Furthermore, PUFAs enhance plasma levels of adiponectin \[[@CIT0169]\] by a peroxisome proliferator--activated receptor-γ-dependent mechanism \[[@CIT0170]\], whereas adiponectin enhances NO generation from vascular endothelial cells \[[@CIT0171]\] and increases the secretion of anti-inflammatory cytokines IL-10 and IL-1 receptor antagonist (IL-1Ra) by human monocytes, macrophages, and dendritic cells and suppresses the production of IFN-γ by LPS-stimulated human macrophages \[[@CIT0172]\] and Toll-like receptor (TLR)-induced NF-κB activation \[[@CIT0173]\], events that are of benefit in the prevention of DR, AMD and DME. It is likely that the actions of adiponectin enumerated above could be ascribed to its ability to enhance DHA and, possibly, uptake of other PUFAs and thus augment the production of lipoxins, resolvins, protectins and maresins.

The proposal that inflammatory events have a role in DME, DR and AMD is further supported by the recent observation that use of fibrates and statins may be of benefit in the prevention and management of DR \[[@CIT0174]--[@CIT0176]\]. These results are interesting since fibrates are known to have anti-oxidant and anti-inflammatory actions \[[@CIT0177]\], while statins seem to bring about some, if not all, of their actions by modulating the metabolism of PUFAs and enhancing the formation of LXA4 \[[@CIT0178]--[@CIT0180]\]. Furthermore, both fibrates and PUFAs function as PPAR agonists \[[@CIT0177], [@CIT0181]\], implying that fibrates may actually mediate some of their actions by acting on the metabolism of PUFAs and, perhaps, enhance the formation of LXA4.

Conclusions {#S0008}
===========

Based on the preceding discussion, it is evident that DME, DR and AMD are likely to be inflammatory conditions due to the presence of enhanced plasma (and possibly, in the vitreal fluid) concentrations of pro-inflammatory cytokines and prostaglandins, leukotrienes and VEGF and a deficiency of anti-inflammatory cytokines and lipoxins, resolvins, protectins and maresins. This implies that one can measure plasma and vitreal levels of various PUFAs and their products (including various prostaglandins, leukotrienes, thromboxanes and lipoxins, resolvins, protectins and maresins and, if possible, various cytokines and VEGF) and correlate their concentrations with various stages of DME, DR and AMD, response to therapy and progression of disease. The results of such studies may give clues as to when lipoxins, resolvins, protectins, maresins and epoxy products could be employed in the prevention and management of DME, DR and AMD, which may prove to be better than the current anti-VEGF therapy \[[@CIT0007], [@CIT0182], [@CIT0183]\].
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